Introduction {#S0001}
============

In diabetic nephropathy (DN) renal hypertrophy and an accumulation of extracellular matrix (ECM) components are evident early in the disease process ([@C1]). The excessive ECM accumulation results in glomerular and tubular basement membrane thickening, mesangial expansion, and glomerular hypertrophy, leading to progressive scarring and fibrosis of the kidney parenchyma ([@C5]) and interstitial edema ([@C8]). Major ECM components that are affected during DN are collagen (types I, IV, V, and VI), laminin, fibronectin, and hyaluronan (HA) ([@C4],[@C9]).

The mammalian target of rapamycin (mTOR) senses and mediates environmental cues, e.g. on hyperglycemia in the extracellular space, to the nucleus of the cell, thereby inducing increased ECM synthesis ([@C3],[@C4],[@C12]). In a study by Kultti et al. ([@C13]) it was demonstrated that HA synthesis by hyaluronan synthase-2 (HAS2) in MCF-7 cells (human breast cancer) was attenuated by the mTOR inhibitor rapamycin, suggesting an involvement of this pathway. However, the connection between hyperglycemia, mTOR, and accumulation of kidney HA has not yet been investigated. The negatively charged interstitial glycosaminoglycan HA does not contain protein or sulphate groups, as the other ECM components listed above, which implies that the regulatory pathways may differ. Whereas other glycosaminoglycans are synthesized in the Golgi apparatus, HA is synthesized in the plasma membrane. HA has large water-attracting ability ([@C14]), and, in the kidney, it is predominantly found in the inner medulla during normal physiological conditions ([@C15]). In the diseased kidney, such as during renal failure, tubulointerstitial fibrosis, or renal transplant rejection, the cortical amount of HA increases. This gives rise to interstitial inflammation and edema, with consequences for fluid transport ([@C8]). During hyperglycemia, several kidney cells (proximal tubular cells, renal fibroblasts, mesangial cells) in culture produce HA at an increased rate ([@C21]). Furthermore, in diabetes in both rats ([@C9],[@C25]) and humans ([@C26],[@C27]) increased kidney HA content has been demonstrated. This implies that diabetes promotes HA production in the kidney, which subsequently plays a pathogenic role in the development of DN due to changes in matrix composition and properties. We hypothesized that interstitial HA accumulation during diabetes involves mTOR signaling and therefore treated established streptozotocin (STZ)-diabetic rats with the mTOR inhibitor rapamycin, an immunosuppressant used to prevent rejection of e.g. renal transplants, and thereafter measured kidney function and HA content.

Materials and methods {#S0002}
=====================

Animals {#S0003}
-------

All experiments were approved by the Animal Care and Use Committee of Uppsala University and were performed in accordance with the NIH guidelines for use and care of laboratory animals. The animals were kept in a room with controlled temperature of 24°C and a 12-h cycle of light and dark, and had free access to tap water and standard rat chow. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated.

Male Sprague--Dawley rats (*n* = 40, body weight ∼270 g; Charles River, Sulzfeld, Germany) were divided into four groups. Half the animals were made diabetic by an intravenous dose of STZ (50 mg/kg body weight; Sigma-Aldrich, St. Louis, MO, USA) into the tail vein. The diabetic state (blood glucose above 20 mmol/L) was monitored by blood glucose test strips (MediSense, Bedford, MA, USA) in blood from a small cut in the tail tip. Blood glucose was tested 2 days after STZ, and weekly throughout the experiment, together with body weight, for a total of 8 weeks. The diabetic and control groups were given either rapamycin (0.45 mg/kg body weight/day; Rapamune, Pfizer, New York City, NY, USA) or sham treatment by oral gavage once per day, from diabetic week 7 through 8.

After 8 weeks of diabetes and 2 weeks of rapamycin or sham treatment, the rats were anesthetized with an intraperitoneal injection of thiobutabarbital (Inactin, 120 mg/kg body weight) and were placed on a heating pad to maintain a core temperature of 37.5°C.

Surgery {#S0004}
-------

The anesthetized rats were tracheotomized, and polyethylene catheters were inserted into the right femoral vein and artery. The venous catheter was used for infusion. The arterial catheter was used for measurement of mean arterial blood pressure (MAP) and blood sampling. The urinary bladder was catheterized through a suprapubic incision for urine sampling. The left kidney was exposed through a subcostal flank incision and immobilized in a plastic cup, lined with saline-soaked cotton wool. The kidney surface was covered with paraffin oil (Apoteksbolaget, Gothenburg, Sweden). The surgery was followed by a post-surgery 45 min equilibration period.

Experimental protocol {#S0005}
---------------------

The equilibration period was followed by a 30 min measurement period for establishment of baseline parameters. The glomerular filtration rate (GFR) was estimated from fluorescein isothiocyanate (FITC)-inulin clearance. For this purpose FITC-inulin dissolved in Ringer acetate (Fresenius Kabi, Bad Homburg, Germany) was infused (Controls: 5 mL/kg body weight/h; Diabetic animals: 10 mL/kg body weight/h) from the start of the equilibration period, at a final concentration of 0.375%.

The FITC-inulin infusion was prepared from a stock solution of 1.5% concentration, prepared in PBS, and filtered through a 0.45 µm syringe filter. The solution was then dialyzed in 2000 mL PBS at 4°C overnight, using a 1000 Da cut-off dialysis membrane (Spectra/Por® 6 Membrane, Spectrum Laboratories Inc., Rancho Dominguez, CA, USA). The dialyzed inulin solution was filtered through a 0.22 µm syringe filter before its dilution in Ringer to the final concentration, in preparation for use. The FITC solution was protected from light at all times during preparation, use, and after the experiment.

After the baseline period followed two measurement periods of 30 min each, with the infusion supplemented with desmopressin (dAVP; Minirin, Ferring, Saint-Prex, Switzerland) to challenge the water concentrating ability. The dAVP infusion was initiated by a bolus dose of 0.1 mL of a 60 ng/mL solution. The bolus dose was flushed into the system with 0.3 mL, and followed by a maintenance infusion of 4 ng/mL of dAVP dissolved in the FITC-inulin Ringer solution.

After completion of the two experimental periods, the kidneys were excised and weighed. Samples were taken from the cortex, outer medulla, and inner medulla (papilla) and frozen for subsequent analysis of HA content.

Measurement of HA content {#S0006}
-------------------------

The frozen kidney samples were dried at 68°C overnight, then disrupted in 0.5 mol/L NaCl (FP120, Thermo Electron Corporation, Marietta, OH, USA). The disrupted HA samples were left to extract overnight at 4°C. Protein content of the samples was measured using a commercial assay (DC Protein Assay, Bio-Rad Laboratories, Hercules, CA, USA). The HA samples were then centrifuged at 2700*g* for 15 min. The HA content of the supernatant was measured by a commercial ELISA kit and following the instructions provided by the manufacturer (Echelon Biosciences Inc., Salt Lake City, UT, USA).

Measurement of GFR, renal blood flow, and urine parameters {#S0007}
----------------------------------------------------------

GFR was approximated from clearance of FITC-inulin. The FITC-inulin was given as a continuous infusion, dissolved in Ringer solution. GFR was approximated from inulin clearance and calculated by the formula GFR = U × V/P, where U and P denote the fluorescence of FITC-inulin in the urine and plasma, respectively, and V denotes the urine flow rate. The original plasma samples of 2 µL were diluted with 68 µL HEPES buffer (pH 7.4), and the urine samples were loaded similarly, but diluted another 10 times before adding HEPES. The samples were loaded onto a black 384-well microplate (Greiner Bio-One GmbH, Kremsmuenster, Austria) and measured in the plate reader (Safire II, Tecan Austria GmbH, Grödig, Austria) at 496 nm excitation and 520 nm emission.

The renal blood flow (RBF) was measured by an ultrasound probe (Transonic Systems, Ithaca, NY, USA), placed around the renal artery of the left kidney. Both RBF and MAP were measured continuously and recorded by a PowerLab instrument (AD Instruments, Hastings, UK). The urine volume was measured gravimetrically. Urine osmolality was estimated from the depression of the freezing point (Model 210, The Fiske Micro-Sample Osmometer Advanced Instruments, Norwood, MA, USA).

Urine hyaluronidase activity and creatinine {#S0008}
-------------------------------------------

HA from rooster comb and all reagents for the polymerization of electrophoretic gels were obtained from Wako Pure Chemical Industries (Osaka, Japan); Alcian blue 8GX from Fluka Chemical (Buchs, Switzerland), and Actinase E from Kaken Pharmaceutical (Tokyo, Japan).

Urinary hyaluronidase (HYAL) activity was determined by quantitative zymography ([@C28]) with a slight modification. Briefly, rat urine was diluted 1--5-fold with 0.15 mol/L NaCl containing 0.1 mg/mL BSA and mixed with an equivalent volume of Laemmli's sample buffer containing 4% SDS and no reducing reagent. After incubation for 1 h at 37°C, 5--15 μL of the mixture (urine: 1--5 μL, and serum: 0.05--0.15 μL) were applied to 7% SDS-polyacrylamide gels containing 0.17 mg/mL HA. After an electrophoretic run at 20 mA for approximately 90 min at 4°C, gels were rinsed with 2.5% Triton X-100 for 80 min at room temperature and incubated with 0.1 mol/L formate buffer (pH 3.5 and containing 0.03 mol/L NaCl) for 15 h at 37°C on an orbital shaker. Gels were then treated with 0.1 mg/mL Actinase E in 20 mmol/L Tris--HCl buffer (pH 8.0) for 2 h at 37°C. To visualize digestion of HA, gels were stained with 0.5% Alcian blue in 25% ethanol--10% acetic acid. After destaining, gels were counterstained with Coomassie brilliant blue R-250. For the determination of HYAL activity, the stained gel was scanned on an Image Scanner (GE Healthcare Japan, Tokyo, Japan) and scans were analyzed using Image J 1.42q software (National Institutes of Health, USA, <http://rsb.info.nih.gov/ij/>). The relative band intensities of rat urinary HYAL were calculated from the ratios of the band intensity of HYAL from 0.05 μL of a control rat serum, as a standard on the same gel.

Creatinine in urine was determined colorimetrically using a commercial assay kit and following the instructions provided by the manufacturer (LabAssay^TM^ Creatinine, Wako Pure Chemical Industries). The blank values originating in FITC-inulin were subtracted.

Statistical analysis {#S0009}
--------------------

Data are given as mean values ± SEM. The comparison between groups was evaluated with two-way ANOVA followed by Fisher LSD *post-hoc* test. A *P* value of \<0.05 was considered statistically significant.

Results {#S0010}
=======

Diabetic animals developed hyperglycemia, increased diuresis with reduced urine osmolality, renal hypertrophy, hyperfiltration, and reduced body weight gain, as compared with corresponding controls ([Table I](#TB1){ref-type="table"}). Arterial blood pressure and renal blood flow were, however, similar in diabetics and vehicle controls. Rapamycin treatment did not affect any of these values during control or diabetic conditions, although a tendency was seen towards a reduced arterial blood pressure.

###### 

Control and diabetic rats treated with vehicle or the mTOR inhibitor rapamycin (Rapa).

  Control                            Control + Rapa   Diabetes      Diabetes + Rapa   
  ---------------------------------- ---------------- ------------- ----------------- ----------------
  Body weight (g)                    481 ± 16         473 ± 10      331 ± 14^a^       317 ± 11^a^
  Total kidney weight (g)            2.97 ± 0.04      2.84 ± 0.06   3.91 ± 0.09^a^    3.80 ± 0.05^a^
  Blood glucose (mmol/L)             6 ± 0.1          7 ± 0.5       22 ± 1^a^         23 ± 1^a^
  Arterial blood pressure (mmHg)     115 ± 3          107 ± 3       112 ± 4           105 ± 5
  Urine flow rate (µL/min/kidney)    4 ± 0            5 ± 1         25 ± 2^a^         30 ± 4^a^
  Urine osmolality (mOsm/kg H~2~O)   1329 ± 140       1287 ± 93     894 ± 45^a^       874 ± 46^a^
  GFR (mL/min/kidney)                1.59 ± 0.11      1.56 ± 0.14   2.71 ± 0.32^a^    2.78 ± 0.48^a^
  RBF (mL/min/kidney)                5.6 ± 0.4        5.0 ± 0.2     5.1 ± 0.5         4.4 ± 0.3

Values are means ± SEM.

^a^*P* \< 0.05 versus corresponding control group. *n* = 10 in each group.

HA was regionally accumulated in the kidneys of diabetic rats. The cortical HA content increased more than twice ([Figure 1](#F1){ref-type="fig"}), while that of the outer medulla increased more than 3-fold ([Figure 2](#F2){ref-type="fig"}). Papillary HA content was not different between control and diabetic rats ([Figure 3](#F3){ref-type="fig"}). Rapamycin treatment did not alter the diabetes-induced HA accumulation in any part of the kidney, and did also not affect the HA in controls.

![Cortical hyaluronan (HA) content in control and diabetic rats treated with vehicle (black bars) or rapamycin (hatched bars). \**P* \< 0.05 versus corresponding control group. *n* = 10 in each group.](iups-120-233.01){#F1}

![Outer medullary hyaluronan (HA) content in control and diabetic rats treated with vehicle (black bars) or rapamycin (hatched bars). \**P* \< 0.05 versus corresponding control group. *n* = 10 in each group.](iups-120-233.02){#F2}

![Papillary hyaluronan (HA) content in control and diabetic rats treated with vehicle (black bars) or rapamycin (hatched bars). *n* = 10 in each group.](iups-120-233.03){#F3}

Urine protein excretion was higher in diabetic rats ([Figure 4](#F4){ref-type="fig"}) and was reduced by 32% in those treated with rapamycin. Rapamycin did not alter protein excretion in control rats.

![Urinary protein excretion in control and diabetic rats treated with vehicle (black bars) or rapamycin (hatched bars). \**P* \< 0.05 versus corresponding control group; \# *P* \< 0.05 versus vehicle-treated diabetics. *n* = 10 in each group.](iups-120-233.04){#F4}

The urine HYAL activity was 95% higher in diabetic rats, compared with controls ([Figure 5](#F5){ref-type="fig"}). No change occurred in the activity in animals of either group treated with rapamycin.

![Urine hyaluronidase activity in control and diabetic rats treated with vehicle (black bars) or rapamycin (hatched bars). \**P* \< 0.05 versus corresponding control group. *n* = 10 in each group. RI = Relative intensity.](iups-120-233.05){#F5}

The ability of the rats to respond to the vasopressin V~2~-receptor agonist desmopressin with increased urine osmolality was affected in the diabetic rats ([Figure 6](#F6){ref-type="fig"}). Control rats treated or untreated with rapamycin elevated their urine osmolality by 46%--64% (*P* \< 0.05). In the diabetic rats urine osmolality did not increase.

![Change in urine osmolality during challenge with the vasopressin V~2~-receptor agonist desmopressin in control and diabetic rats with (hatched bars) or without (black bars) rapamycin treatment. \**P* \< 0.05 versus before desmopressin. *n* = 10 in each group.](iups-120-233.06){#F6}

Discussion {#S0011}
==========

The present study has demonstrated accumulation of the ECM component HA in the kidney during established diabetes, which is not affected by treatment with the mTOR inhibitor rapamycin. However, rapamycin treatment did reduce diabetes-induced proteinuria. The results suggest that HA, as opposed to other ECM components such as collagen, laminin, and fibronectin, is not induced via mTOR activation in the kidney during hyperglycemic conditions. Whether this discrepancy depends on the unique structure of HA compared with other ECM components, such as not containing sulphate groups or peptide, remains to be established. An alternative explanation would be that an already established accumulation of HA is not reversible. We could also demonstrate a reduced ability of the diabetic animals to respond with an elevation in urine osmolality when challenged with a vasopressin V~2~-receptor agonist.

The mTOR is a signaling pathway of hyperglycemia, transmitting signals from the extracellular space to cell nuclei, like a metabolic sensor ([@C4]). It is a protein kinase, existing in two distinct complexes, namely complex 1 (mTORC1) and complex 2 (mTORC2) ([@C29]). Rapamycin is primarily an inhibitor of mTORC1, which in turn is a regulator of several cellular processes such as cell growth, proliferation, and protein synthesis. Over-activation of mTORC1 in podocytes leads to albuminuria, glomerular basement membrane widening, expansion of the mesangium, and accumulation of fibronectin and collagen IV. All those events are partially prevented by rapamycin ([@C30]). In a study by Kultti et al. ([@C13]) rapamycin reduced HA production by MCF-7 cells in culture (human breast cancer model). In the present study, however, rapamycin treatment during established diabetes in rats failed to reduce the accumulation of HA in the kidney, thus suggesting a non-mTOR-mediated response. It cannot be concluded whether the discrepancies in results are cell/organ-dependent or if the established HA accumulation cannot be reversed. There are several other pathways that could induce renal HA during hyperglycemia in this study: oxidative stress, transforming growth factor beta (TGF-β), protein kinase C (PKC), nuclear factor-kappaB (NF-κB), prostaglandin E~2~, cytokines (e.g. interleukin-1), and platelet-derived growth factor ([@C11],[@C12],[@C31]).

HA has potent water-attracting properties, and in fragments it is also pro-inflammatory ([@C14]), which makes HA a suitable candidate for an ECM component involved in diabetic nephropathy and other kidney diseases ([@C11]). These special features of HA will affect fluid transport in the interstitial space, and drive inflammatory pathways. Previous studies have demonstrated an increased HA content in diabetic kidneys ([@C8]). The effect of hyperglycemia on cellular HA production *in vitro* has also previously been demonstrated: proximal tubular cells ([@C22]), glomerular cells ([@C21]), renal interstitial fibroblasts ([@C23]), and mesangial cells ([@C24]) increase their production of HA during hyperglycemic conditions. In interstitial fibroblasts, high glucose has been shown to stimulate HA production through the PKC/TGF-β cascade, whereas in proximal tubular cells the HA elevation was associated with NF-κB-activated transcription of hyaluronan synthase 2 (HAS2). Whether the same cellular events, leading from hyperglycemia to elevated HA production, are evident *in vivo*, i.e. as in the present study, remains to be elucidated, but it appears plausible.

The elevated HA levels in the renal cortex and outer medulla in STZ-diabetic rats can be expected to affect fluid transport and inflammation due to the inherent properties of this glycosaminoglycan with water-attracting and pro-inflammatory properties ([@C11],[@C14]). Normally, HA of mega-Dalton size should only be found in very small amounts in the cortical tissue, while it is abundant in the papilla. Increased HA in the renal cortex is found in several pathological situations, such as ischemia-reperfusion injury, tubulointerstitial inflammation, and renal transplant rejection ([@C8]). During these conditions it is expected to be more fragmented ([@C34]), which would render it pro-inflammatory. Furthermore, an elevation of HA in the outer medulla is found in the Brattleboro rat with hereditary diabetes insipidus ([@C17]), which cannot concentrate its urine due to vasopressin deficiency. In the studies referred to above an inability to regulate fluid balance and concentrate urine is evident, and in most cases interstitial inflammation is found. It is also of interest to note that normally medullary HA levels, as opposed to those in the cortex, change in relation to body hydration status in the rat. During hydration medullary HA is elevated, and the opposite occurs during dehydration ([@C17],[@C18],[@C35]). Furthermore, pharmacological reduction of renomedullary HA in the normal kidney reduces the ability of the kidney to respond appropriately to acute hydration ([@C36]). By changing the physicochemical characteristics of the interstitial space, which may involve alterations in the interstitial hydrostatic pressure, HA will affect fluid handling ([@C37]). The regulation of renal HA levels in the normal kidney involves both fluid-regulating hormones and osmolality ([@C10],[@C40]).

The only parameter that was significantly affected by rapamycin treatment in the present study was the diabetes-induced proteinuria, which was reduced by 32%, without any associated changes in GFR. A tendency of a hypotensive effect of rapamycin did not reach statistical significance, neither in control nor in diabetic rats. The reduction in proteinuria by rapamycin is a well-established feature ([@C3]). A suggested explanation for the effect is that over-activation of mTORC1 on podocytes, as during hyperglycemia, causes mislocalization of the proteins composing the filtration slits and gives rise to increased endoplasmic reticulum (ER) stress ([@C43]). This leads to increased glomerular permeability for macromolecules. Reducing the mTOR activation by use of rapamycin will therefore reduce proteinuria.

Urine HYAL activity was increased in the diabetic rats, which may be a compensation for the elevated HA levels in the tissue. Sequences for six hyaluronidase-like genes were demonstrated by Csoka et al. ([@C44]), and HYAL 1 is the predominant form and the only HYAL found in human plasma. It can therefore be hypothesized that HYAL 1 activity also dominates in the urine. In a previous investigation on STZ-diabetic rats by Ikegami-Kawai et al. ([@C45]), renal HYAL activity increased from day 3 of diabetes and was doubled after 3 weeks, which is similar to the findings in urine in the present study. HYAL activity increased only in the STZ-induced diabetic rats, and not in spontaneously diabetic Goto-Kakizaki rats (type 2 diabetic model), the latter without progressed nephropathy. Thus, HYAL may be used as a marker of DN. The elevated HYAL activity in the diabetic kidney may also contribute to the inability to gain sufficient elevation in interstitial HA during hydration ([@C25]). It is, furthermore, of interest to note that lack of HYAL exacerbates inflammation and fibrosis in the kidney after ischemia-reperfusion injury ([@C46]).

The reduced ability of diabetic rats appropriately to increase urine osmolality when challenged with the vasopressin V~2~-receptor agonist desmopressin shows that the vasopressin-aquaporin function in these rats is abrogated. We have previously demonstrated a relative inability of STZ-diabetic rats to respond with appropriate diuresis upon a hydration challenge ([@C25]), which is in line with the present results. The plasma concentration of vasopressin and abundance of medullary key proteins for urinary concentration, such as aquaporin 2 and urea transporter A1, are elevated in diabetic rats in spite of ongoing osmotic diuresis ([@C47]). These previous findings are plausible underlying mechanisms to the unresponsiveness of the diabetic animals to vasopressin V~2~-receptor stimulation in the present study.

In conclusion, established STZ-induced diabetes results in regional renal accumulation of the ECM component HA, which is not sensitive to mTOR inhibition by rapamycin. The diabetes-induced proteinuria is, however, sensitive to rapamycin. Whether the diabetes-induced renal accumulation of HA occurs through different pathways than other ECM components containing protein and sulphate groups, or is irreversible when established, remains to be shown.
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